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Abstract 


Large  amplitude  wall-pressure  events  observed  beneath  a  turbulent  boundary  layer  appear  to  be  signa¬ 
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identify  the  distinct  structural  features  and  spatizd  extent  of  the  organized  motions  from  observations  of  their 
wall  pressure  footprints.  A  database,  which  contains  simultaneous  measurements  of  wall-  pressure,  and  stream- 
wise  and  wall-normal  velocities  at  numerous  locations  across  the  boundary  layer,  was  used  in  this  investigation. 
These  data  are  analyzed  using  signal  processing  techniques  based  on  a  trajectory  mapping  for  the  detection  of 
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events)  that  induce  positive  wall  pressure  events;  and  sweep  motions  (decelerated  events)  that  induce  negative 
wall  pressure  events.  It  is  proposed  that  these  structures  collectively  represent  the  organized  motions.  The 
present  research  activity  is  directed  at  the  acquisition  of  a  new  database  using  an  array  of  streamwise  and 
spanwise  transducers.  By  applying  bandpass  filtering  techniques  to  the  data,  it  is  expected  that  the  total 
pressure  signature  will  become  more  evident.  . 
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Abstract 


Large  amplitude  wall-pressure  events  observed  beneath  a  turbulent  boundary 
layer  appear  to  be  signatures  of  near-wall  organized  structures.  Experimen¬ 
tal  investigations  by  the  authors  and  their  colleagues  have  provided  strong 
support  for  this  conjecture.  This  report  contains  results  from  new  studies 
which  attempt  to  identify  the  distinct  structural  features  and  spatial  extent 
of  the  organized  motions  from  observations  of  their  wall  pressure  footprints. 
The  database  of  Kammeyer  [1],  which  contains  simultaneous  measurements 
of  wall-  pressure,  and  streamwise  and  wall-normal  velocities  at  numerous 
locations  across  the  boundary  layer,  was  used  in  this  investigation.  These 
data  are  analyzed  using  signal  processing  techniques  based  on  a  trajectory 
mapping  for  the  detection  of  coherent  motions  as  proposed  by  Nagano  and 
Tagawa  [4].  The  results  show  that  the  organized  structures  contain  both  ejec¬ 
tion  motions  (accelerated  events)  that  induce  positive  wall  pressure  events; 
and  sweep  motions  (decelerated  events)  that  induce  negative  wall  pressure 
events.  It  is  proposed  that  these  structures  collectively  represent  the  orga¬ 
nized  motions.  The  present  research  activity  is  directed  at  the  acquisition  of 
a  new  database  using  an  array  of  streamwise  and  spanwise  transducers.  By 
applying  bandpass  filtering  techniques  to  the  data,  it  is  expected  that  the 
total  pressure  signature  will  become  more  evident. 


Chapter  1 
Introduction 


Large  amplitude  wall-pressure  events  observed  beneath  a  turbulent  boundary 
layer  appear  to  be  signatures  of  intermittent  organi2ed  motions  within  the 
turbulent  flow.  Experimental  studies  were  made  by  Kammeyer  [1]  investi¬ 
gating  this  relationship.  Simultaneous  measurements  of  the  fluctuating  wall- 
pressure,  and  streamwise  and  wall-normal  velocities  were  obtained.  These 
measurements  were  acquired  at  numerous  locations  across  the  boundary  lay¬ 
ers.  A  filtering  technique  based  on  the  wavelet  transform  was  developed  to 
isolate  the  near-wall  burst  motions  from  the  outer-layer  disturbances.  Cor¬ 
relation  and  conditional  sampling  were  performed  based  on  the  detection  of 
cluster  patterns  of  wall-pressure  and  turbulence-producing  flow  events. 

The  results  confirm  that  patterns  of  high  frequency  large-amplitude  wall- 
pressure  events  are  footprints  of  the  active  (turbulence-producing)  motions. 
The  results  of  near  wall  flow  field  mappings  show  at  least  two  vortices,  one 
ahead  and  above  the  other,  that  induce  the  ejection/sweep  pattern  and  a 
concomitant  positive  wall-pressure  peak  aligned  with  the  ejection.  The  re¬ 
sulting  shear  front  is  inclined  downstream  and  extends  to  the  log-law  region. 
This  picture  is  consistent  with  models  proposed  by  several  investigators. 

The  signal  processing  techniques  developed  in  the  research  investigation 
were  successful  in  isolating  the  clusters  of  peak  events  along  the  time  records. 
A  Peak  Detection  (LVVPD)  algorithm  was  created  for  the  detection  of  group¬ 
ings  of  both  the  burst  events  within  the  flow  and  the  surface  pressure  sig¬ 
natures  of  these  organized  structures.  Correlation  and  conditional  sampling 
methods  were  used  to  show  that  cluster  patterns  of  bursts  and  wall-pressure 
events  appear  to  be  aligned,  and  that  positive  wall-pressure  peaks  appear  to 


identify  the  Q2  (ejection)  events  within  the  burst  patterns. 

In  addition,  these  results  support  the  conjecture  that  combinations  of  Q2 
and  Q4  burst  events  are  features  of  organized  structures  identified  by  the 
large-amplitude  wall-pressure  signatures  (figure  1).  Using  detection  theory 
for  classification,  Penafiel  [2]  recently  showed  that  paired  combinations 
of  Q2  &:  Q4  events  dominate  the  cluster  pattern  of  burst  events.  The  iden¬ 
tification  of  paired  patterns  had  also  been  confirmed  by  Wilczynski  [3]. 
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O4  O2  O4 

Positive  Pressure  Event 

Fig.  1.  Alignment  of  Q2  and  Q4  Patterns  (from  reference  5) 
(Ai  as  14f'^  units,  A2  «  Ilf*"  units) 


This  study  is  a  continuation  of  previous  investigations  on  the  identifica¬ 
tion  of  coherent  motion  by  means  of  their  wall  pressure  footprint.  The  raw 
database  on  equilibrium  flows  established  by  Kammeyer  [1]  is  analyzed  us- 


ing  signal  processing  techniques  based  on  a  trajectory-based  algorithm  for 
detection  of  coherent  motions.  This  trajectory  analysis  technique  was  devel¬ 
oped  by  Nagano  and  Tagawa  [4].  The  correspondence  between  wall  pressure 
events  and  cluster  patterns  of  coherent  motion  will  be  reexamined.  This 
report  presents  the  preliminary  findings  from  these  computations. 


Chapter  2 

Description  of  Signal 
Processing  Algorithms 

2.1  Trajectory  Analysis  Techniques  (TRAT) 

Nagano  et.  ai  [4]  investigated  the  relationship  between  coherent  motions 
and  heat  transfer  in  pipe  flow.  They  developed  a  new  methodology  for  de¬ 
tecting  and  extracting  coherent  motions  from  time-series  data  of  turbulence. 
Traditional  detection  schemes  for  coherent  motion  such  as  VITA  methods  or 
quadrant  splitting  techniques  have  been  used  in  the  past  by  many  investiga¬ 
tors,  including  the  authors,  with  limited  success  in  pattern  recognition.  The 
method  proposed  by  Nagano  et.  al.  [4]  was  an  attempt  to  improve  on  these 
traditional  algorithms. 

A  trajectory  analysis  technique  was  formulated  based  on  the  premise 
that  the  existence  of  coherent  motions  requires  regularity  in  the  trajectory 
of  the  motion  projected  on  the  (u,v)  plane.  This  premise  has  its  foundation 
in  the  requirement  for  continuity  of  fluid  motions.  They  observed  several 
basic  trajectory  patterns  that  are  consistent  with  Q2/Q4  and  Q4/Q2  pat¬ 
terns  observed  by  Casarella,  Penafiel  and  Kammeyer  [5].  In  contrast  to 
Casarella  et.  al  [5]  the  technique  preserves  the  phase  information  between 
the  fluctuating  components  u  and  v  by  retaining  the  quadrant  transitions  Qj 
between  Q2  and  Q4  events  (figure  2) .  This  method  of  classification  (referred 
to  as  TRAT)  extract  those  patterns  that  contribute  to  turbulent  production. 
Retaining  the  trajectory  in  each  of  the  three  quadrants  during  the  motion  is 


central  to  the  pattern  recognition  of  organized  motions. 


Fig.  2.  Trajectory  Pattern  Q2-Q1-Q4  (accelerated  motion) 


2.1.1  Flow  Pattern  Recognition  and  Classification 

The  THAT  technique  requires  the  concurrent  time  records  on  u(t)  and  v(t) 
as  input  to  the  algorithm.  It  consists  of  the  following  steps: 

1.  Using  fluctuating  velocities  u  and  v,  the  total  time  record  of  fluid  mo¬ 
tions  is  classified  as  Qi(t)  ;  i=l,2,3,4  where  i  denotes  the  quadrant  in 
the  (u,v)  plane. 

2.  Obtain  a  time-series  of  quadrant  sequences  Qt(l),Qi(2),Qi(3),...  Qi(j)... 
where  i  denotes  the  classification  and  j  is  an  integer  index  which  in- 


creases  by  1  whenever  a  trajectory  crosses  a  boundary  of  a  quadrant  of 
the  (u,v)  plane. 

3.  The  resulting  time  series  of  quadrants  is  decomposed  and  classified 
into  a  total  of  36  patterns  which  are  permutations  and  combinations  of 
three  quadrants;  Q,i  —  Qt2~Qi3>  where  Qjj  is  referred  to  as  the  tran¬ 
sition  event.  In  the  process,  if  \uv{j  —  1)|  <  HurmsVrms,  < 

Hurms'^Tmsi  \uv{j  + 1)|  <  HurmsVrms  are  Satisfied  simultaneously,  the 
pattern  is  discarded^ 

The  algorithm  was  fully  tested  with  both  random  data  and  real  data.  For 
example,  the  algorithm  was  tested  using  u  and  v  time  records  from  different 
test  runs  as  the  random  data  test.  The  results  were  consistent  with  white 
noise  data. 

The  TRAT  classification  technique  can  be  modified  and  used  in  con¬ 
junction  with  other  detection  algorithms  such  as  the  VITA  method  or  peak 
detection  scheme.  In  these  cases,  the  time  locations  of  event  occurrence  are 
prescribed  by  the  detection  scheme,  and  classification  of  the  triplet  pattern 
is  only  made  at  these  prescribed  locations.  This  essentially  allows  for  pat¬ 
tern  recognition  at  the  location  of  recognized  events.  Nagano  et  al.  [4]  used 
the  VITA  technique  for  event  detection  and  the  TRAT  algorithm  for  clas¬ 
sification.  They  showed  that  the  traditional  VITA  technique  with  the  slope 
criteria  hcis  shortcoming  in  detecting  fiow  structures  associated  with  heat 
transfer  mechanisms.  This  is  attributed  to  the  distinction  between  Q2/Q4 
flow  patterns  with  different  transition  events. 

In  this  investigation,  several  combinations  of  detection  and  classification 
schemes  were  examined  using  H  =  1.07.  The  pure  TRAT  technique  and 
VITA  plus  TRAT  methods  were  first  applied  to  the  database  of  Kammeyer. 
These  findings  were  compared  to  the  results  of  Nagano  et.  al.  [4].  Subse¬ 
quently,  both  LWPD  and  peak  pressure  detection  algorithms  were  used  for 
event  detection  on  the  wall  pressure  time  records  and  the  TRAT  classifica¬ 
tion  algorithm  applied  to  the  uv  data.  This  was  done  using  a  variety  of 
filtered  schemes.  Only  the  results  for  the  pure  TRAT  and  peak  pressure 
detection  plus  TRAT  on  unfiltered  data  will  be  presented  in  this  report. 

^It  should  be  noted  that  Nagano  et.  al.  [4]  also  introduces  a  threshold  value  ’h’  on  juj 
and  |t;|  that  must  be  satisfied  for  a  pattern  to  be  accepted.  Test  runs  indicated  that  this 
threshold  was  not  needed  with  our  database. 


# 
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After  extensive  real  data  testing,  only  16  patterns  were  found  to  be 
relevent  to  organized  motions,  instead  of  36  patterns  originally  proposed  by 
Nagano  et.  al.  [4].  These  16  patterns  were  divided  into  four  groups  as  shown 
in  figure  3.  The  four  groups  represent  counter-clockwise  rotational  motion, 
clockwise  rotational  motion,  counter-clockwise  oscillations  and  clockwise  os¬ 
cillations,  respectively. 

Groups  I  and  II  contain  the  patterns  identified  by  Kammeyer  [1,  5]  as  the 
dominant  near-wall  structures  associated  with  turbulent  production.  These 
are  the  Q2  and  Q4  combinations  labeled  in  figure  3.  It  should  be  noted  that 
these  four  basic  flow  structures: 

Q2-Q1-Q4  Q4-Q1-Q2 

Q2-Q3-Q4  Q4-Q3-Q2 

are  also  the  key  patterns  identified  by  Nagano  et.  al.  [4].  The  results  to 
be  presented  will  support  these  findings  and  show  that,  in  fact,  only  groups 
I  and  II  are  of  practical  importance. 

2.1.2  Ensemble- Averaged  Patterns 

The  36  distinct  patterns  were  ensembled  averaged  for  all  patterns  observed 
over  the  time  record.  Nagano  et.  al.  [4]  performed  the  averaging  by  ad¬ 
justing  the  temporal  duration  of  each  event  to  the  mean  duration  of  the 
respective  Qj  motions.  The  results  to  be  presented  did  not  require  this  mod¬ 
ification.  However,  the  events  were  aligned  before  averaging  with  the  axes 
crossing  between  Qi  motions.  A  bias  towards  u  changing  from  negative  to 
positive  values  (Q3  — >Q4  or  Q2— >Q1)  representing  accelerating  motion;  or 
positive  to  negative  values  (Q4— >’Q3  or  Ql->Q2)  representing  decelerating 
motions,  was  made  in  selecting  which  of  the  two  axes  crossings  to  use  for 
alignment. 

It  will  be  argued  that  accelerated  motions  characterize  ejections  and  consist 
of  Q2/Q4  patterns 


Q2  - 

Q3  - 

Q4 

Q3  - 

Q4  - 

QI  * 

Q2  - 

Qi  - 

Q4 

Q3  - 

Q2  - 
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Fig.  3,  Classification  of  major  patterns  to  4  groups;  Group  I:  QI-Q2-Q3,  Q2-Q3-Q4,  Q3-Q4-Q1,  Q4-Q1‘Q2;  Group  II: 
QI-Q4-Q3,  Q2-Q1-Q4,  Q3-Q2-Q1,  Q4-Q3-Q2;  Group  III:  Q1-Q2-Q1,  Q2-Q3-Q2,  Q3-Q4-Q3,  Q4-Q1-Q4;  Group  IV: 
Q1-Q4-Q1,  Q2-Q1-Q2,  Q3-Q2*Q3,  Q4-Q3-Q4.  Solid  Hues  in  Groups  I  and  II  correspond  to  accelerated  motions  and 
Induce  positive  pressure  events  while  hollow  lines  corresponds  to  decelerated  motions  and  induce  negative  pressure 
events. 


These  structures  produce  positive  wall  peak  pressure  events. 

It  will  also  be  argued  that  deceleration  motions  characterize  sweeps  and 
consists  of  Q4/Q2  patterns 


Q4  - 

Q3  - 

Q2 

Qi  - 

Q4  - 

Q3  ★ 

Q4  - 

QI  - 

Q2 

Qi  - 

Q2  - 

Q3  * 

These  motions  produced  negative  peak  pressure  events. 

These  flow  patterns  are  contained' exclusively  in  Groups  I  and  II  (figure  3). 
It  is  most  likely  that  the  shortcomings  in  the  classification  algorithm  have 
mis-aligned  the  *  patterns  and  that  these  essentially  are  contained  within  the 
four  basic  Q2/Q4  and  Q4/Q2  patterns.  The  data  to  be  presented  partially 
support  this  hypothesis. 


Chapter  3 

Analysis  of  Experimental  Data 


3.1  Classification  of  coherent  motions  using 
TRAT 

The  TRAT  method  in  its  most  general  form  allows  for  the  classification  of 
36  patterns  of  fluid  motion.  The  algorithm  was  applied  to  the  time  records 
of  u(t)  and  v(t)  at  19  location  across  the  boundary  layer.  The  classification 
of  distinct  patterns  were  made  at  each  of  these  locations.  Thes  results  at  the 
near- wall  location  on  the  frequency  of  occurrence  of  each  pattern  were,  gener¬ 
ally  speaking,  consistent  with  Nagano  et.  al.  [4].  However  we  disagree  on  sev¬ 
eral  features  including  their  quantitative  data  comparing  pseudo-turbulence 
with  actual  wall  turbulence;  and  their  findings  and  interpretations  of  the 
sub-patterns. 

It  should  also  be  noted  that  the  algorithm  has  shortcomings  which  must 
be  recognized  during  interpretations  of  the  results.  The  grouping  are  based 
on  permutations  and  combinations  of  (only)  three  quadrants  along  the  time 
records.  This  permits  the  inclusion  of  overlapping  patterns.  Consequently 
the  distribution  on  the  frequency  of  occurrence  of  events  can  be  misleading. 
Furthermore,  the  phase-jitter  between  u  and  v  can  affect  the  classification. 

The  results  to  be  presented  in  this  section  will  focus  only  on  the  16  pat¬ 
terns  identified  by  the  four  groups.  These  patterns  appear  to  be  the  most 
meaningful  for  characterizing  the  organized  motions.  This  will  be  confirmed 
with  the  mapping  of  the  flow  patterns.  Table  1  list  the  number  of  events 
found  in  each  of  these  groups  at  the  y"*"  =  25  location.  The  subtotal  of 


events  for  these  four  groups  (13,264  events)  represents  approximately  70%  of 
the  total  number  of  events  classified  by  TRAT. 


Group 

Number  of  Events 

I 

3274 

II 

3515 

III 

3316 

IV 

3159 

Total 

13,264 

Table  I 

3.1.1  Ensemble- average  shapes  at  fixed  locations 

The  shortcomings  previously  discussed  on  the  TRAT  algorithm  were  partially 
overcome  by  aligning  the  individual  events  at  the  axis  crossing  for  the  tran¬ 
sition  between  Qi  events  prior  to  ensemble  averaging.  It  is  well-established 
from  the  VITA  -f-  slope  detection  method  that  the  accelerated  and  deceler¬ 
ated  changes  in  streamwise  velocity  u  correlate  with  positive  and  negative 
wall  pressure  events,  respectively  [8].  Therefore  the  axis  crossings  between 
positive  slopes  (Q3-Q4  or  Q2-Q1)  and  negative  slopes  (Q4-Q3  or  Q1-Q2)  on 
the  u  velocity  were  selected  for  alignment  locations  in  groups  I  and  11. 

Figures  4  thru  7  show  the  ensemble-averaged  results  on  flow  structures  at 
the  near-wall  location  y'*'  =  25  for  groups  I,  II,  III  and  IV,  respectively.  The 
4  patterns  contained  in  each  figure  represent  the  patterns  for  the  respective 
group.  The  ensemble  averages  of  the  concurrent  wall  pressure  events  that 
coincide  with  the  respective  organized  motions  are  also  included.  These  re¬ 
sults  on  wall  pressure  are  very  sensitive  to  the  phase-jitter  between  turbulent 
events  and  their  wall  pressure  signatures  (Phase-jitter  correction  are  often 
applied  prior  to  ensemble- averaging). 

The  results  confirm  that  Groups  I  and  II  produce  both  positive  and  nega¬ 
tive  wall  pressure  events.  Individual  flow  structures  within  each  group  include 
accelerated  motions  (ejections)  causing  positive  events;  and  decelerated  mo¬ 
tion  (sweeps)  causing  negative  pressure  events.  For  these  results,  the  phase 
relationships  between  the  location  of  the  peak  pressure  and  the  u-axis  cross¬ 
ing  are  bounded  by  the  viscous  time  scale.  At"*"  <  10. 
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Fig.  4, 
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KAmpllluctoWrm*  <AmplUude>/rmt 


£n$afntt«  average  for  Q1 -Q4-Q3  events  detected  using  TRAT  Ensemble  average  for  Q2*Q  1  -04  events  detected  using  TRAT 


Ensemble  average  for  Q3-Q2-01  events  detected  using  TRAT  Ensembla  average  for  04-Q3-Q2  events  detected  using  TRAT 


Fig.  3.  Ensemble  average  for  Group  II 
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<Ainplltud«>/rm#  ^  <AmplUude>/rm« 


2 


EnsemUfl  av«rag«  for  Q1-Q2-Q1  events  detected  using  THAT 


Ensemble  average  for  Q2-Q3-Q2  events  detected  using  THAT 


Ensemble  average  for  Q3<K>03  events  detected  using  THAT 


Ensemble  average  for  Q4-Q1-Q4  events  detected  using  THAT 


Fig.  6.  Ensemble  average  for  Group  III 
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<AfTiplitud6>/rmft 


In  examining  the  relationship  between  coherent  motion  and  passive  scalar 
heat  transfer  in  pipe  flows,  Nagano  et  al.  [4]  concluded  that  the  distinctions 
between  accelerated  motions  labeled  Q2-Q3-Q4  and  Q2-Q1-Q4;  as  well  as  be¬ 
tween  decelerated  motions  labeled  Q4-Q3-Q2  and  Q4-Q1-Q2  were  important. 
This  was  not  the  case  in  our  results  when  observing  the  wall  pressure  foot¬ 
print  of  these  structures.  The  results  in  figures  4  and  5  show  that  pressure 
signatures  of  both  acceleration  motion  patterns  were  similar  despite  oppo¬ 
site  signs  for  the  V  component  of  the  perturbations.  Similar  pressure  patterns 
were  observed  on  the  decelerated  motions.  It  is  not  clear  what  the  distinct 
role  of  the  transition-events  Qi  within  the  patterns  is  on  organized  motions. 
What  is  clear  is  that  the  flowfield  maps  of  the  two  patterns  are  quite  different. 

The  conjecture  made  earlier  in  the  report  that  the  ejection  motions  Q3- 
Q2-Q1  and  Q3-Q4-Q1  are,  in  fact,  misaligned  Q2-Q1-Q4  and  Q2-Q3-Q4  re¬ 
spectively,  is  supported  by  the  data  shown  in  figures  4  and  5.  Support  for 
the  sweep  motions  Q1-Q4-Q3  and  Q1-Q2-Q3  being  actually  misaligned  Q4- 
Q3-Q2  and  Q4-Q1-Q2  patterns  respectively  is  also  evident  in  the  data. 

In  summary,  the  data  supports  .the  hypothesis  that  four  basic  types  of 
flow  structures  exist: 

Ejection  motions  (positive  wall  pressure  events) 

•  Q2  -  Ql  -  Q4 

•  Q2  -  Q3  -  Q4 

Sweep  motions  (negative  wall  pressure  events) 

•  Q4  -  Ql  -  Q2 

•  Q4  -  Q3  -  Q2 

It  appears  that  these  structures  collectively  represent  the  organized  motion. 
Therefore,  the  total  footprint  of  the  turbulent  structure  contains  both  posi¬ 
tive  and  negative  pressure  peaks. 

Nagano  et.  al.  [4]  attempted  to  assess  the  overall  features  of  the  turbu¬ 
lent  structure  based  on  the  ensemble-averaged  patterns  observed  at  near-wall 
location  y'^  =  18.5.  They  examined  the  correspondence  between  TRAT  re¬ 
sults  and  flow  visualization  data  of  Bogard  and  Tiederman  [6].  Bogard  and 
Tiederman  proposed  that  ejections  are  the  primary  motions  in  organized 
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structures  and  consist  of  three  parts;  leading  edge,  middle  and  trailing  edge. 
Nagano  et.  al.  [4]  suggested  that  these  motions  correspond  to  Q4-Q3-Q2, 
Q3-Q2-Q3  and  Q2-Q3-Q4,  respectively.  Their  results  at  =  18.5  compare 
favorably  with  flow  visualization  results  at  y*"  =  15.  Since  these  data  were 
restricted  to  the  buffer  layer  y"*"  <  30  and  are  observed  at  only  a  single  y 
location,  the  conjecture  can  be  questioned. 

3.1.2  Distribution  of  Patterns  across  boundary  layer 

The  16  flow  patterns  contained  in  Groups  I,  II,  III  and  IV  were  classified 
by  the  THAT  technique  at  each  of  the  19  locations  across  the  boundary 
layer.  The  percentage  of  events  for  each  classification  were  computed  at 
each  of-  these  locations.  The  collection  of  events  at  each  location  were  then 
ensemble-averaged. 

The  results  to  be  presented  will  focus  only  on  the  four  basic  patterns  of 
ejection  and  sweep  motions  previously  discussed.  Figures  8a  and  8b  show 
the  percentage  of  events,  fractional  contribution  to  uv  and  percentage  con¬ 
tribution  to  Prma  at  each  location  across  the  boundary  layer.  It  appears  that 
these  flow  structures  dominate  the  near  wall  region,  but  no  clear  perception 
on  the  spatial  extent  of  these  organized  structures  can  be  deduced  from  these 
findings. 

The  results  for  the  ensemble- averaged  patterns  at  locations  y'^  =  50,  94, 
173,  214,  303  and  540  were  more  enlightening  as  to  the  spatial  extent  of  the 
organized  structure.  The  ejection  motions  associated  with  positive  pressure 
events  were  observed  for  y"*"  <  214  while  the  sweep  motions  extended  slightly 
further  to  y"*"  <  303.  This  is  consistent  with  near-wall  ejections  and  outer 
layer  sweep  motions. 

3.2  Detection  based  on  Wall-Pressure  Events 

3.2.1  Ensemble-averaged  Results 

Kammeyer  [1]  had  shown  that  by  conditional  sampling  on  wall  pressure 
events  and  ensemble-averaging  the  coincident  u  and  v  components  at  each 
location  in  the  boundary  layer,  burst/sweep  events  can  be  detected. 
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Fig.  8.  Percentage  of  events  (top),  percentage  contribution  to  <  \iv  >  (middle)  and  percentage  contribution  to  <  Pr 
(bottom) 


An  algorithm  was  written  that  allowed  the  detection  of  positive  and  neg¬ 
ative  peak  wall  pressure  events  along  the  time  records  at  these  locations. 
The  TRAT  classification  scheme  was  then  applied  to  the  concurrent  u(t)  and 
v(t)  time  records.  The  flow  coincident  with  detected  wall  pressure  events  are 
observed.  (This  is  the  reverse  situation  to  that  discussed  in  section  3.1.1  and 
illustrated  in  figures  4  thru  7).  The  software  was  tested  with  fabricated  data 
to  validate  the  algorithm.  Pressure  data  obtained  at  the  j/j+i  location  were 
used  to  obtain  peak  values  and  these  locations  were  used  to  classify  u{t)  and 
v{t)  at  the  yi  location.  For  this  artificial  dataset,  the  results  were  consistent 
with  white  noise. 

Figure  9  shows  the  results  on  real  data  for  the  detection  of  Q2/Q4  flow 
structures  based  on  positive  peaks  in  wall  pressure  events  >  2prms)- 
The  ensemble-averages  of  the  four  flow  patterns  associated  with  the  ejection 
process  at  location  y"*"  =  25  are  shown.  Clearly,  the  peak  pressures  align 
with  the  accelerated  structure.  This  is  consistent  with  the  results  presented 
in  figures  4  and  5  using  pure  TRAT  classification  where  positive  wall  pressure 
events  were  observed  as  signatures  of  these  classified  patterns.  Thus,  it  has 
been  shown  that  a  bidirectional  relationship  exists  between  positive  peak 
pressures  and  Q2/Q4  ejection  patterns. 

It  should  be  noted  that  these  results  are  not  new  nor  surprising  since  the 
conventional  VITA  +  slope  method  has  produced  similar  results.  However, 
it  validates  the  merits  of  using  the  traditional  VITA  method.  This  popular 
method  has  significant  advantages  since  it  requires  only  the  u  component  of 
velocity  for  detection. 

Figure  10  shows  the  results  of  detection  of  Q4/Q2  flow  structures  based 
on  negative  peaks  in  wall  pressure  events  {p^  <  —2prms)-  The  ensemble- 
averaged  patterns  associated  with  the  sweep  process  at  locations  y'*'  =  25  are 
shown.  Again,  the  negative  pressure  peaks  align  with  decelerated  structures. 

It  should  also  be  noted  that  for  the  results  presented  in  figures  9  and 
10,  the  phase  alignments  of  the  location  for  the  peak  pressure  with  the  u- 
axis  crossing  have  some  scatter  but  are  reasonably  well  bounded  similar  to 
the  data  presented  in  figures  4  and  5.  However,  the  phase  alignments  of 
the  positive  and  negative  pressure  peaks  with  the  u-axis  crossings  shown  in 
figures  9  and  10  respectively,  are  not  consistent  in  showing  definitive  trend 
for  the  respective  CEises.  Most  algorithms  will  force  the  alignment  of  the  axis 
crossing  with  the  local  peak  and  call  this  a  phase-jitter  correction,  but  this 
can  produce  misleading  results. 


Ensemble  average  for  02-03^  events  detected  using  Positive  Peak  Pressure 


Ensemble  average  for  QW4-Q1  events  detected  using  Positive  Peak  Pressure 


<Annplitude>/rms 


Ensembla  average  for  (HOI  02  events  detected  using  Negative  Peak  Pressure  Ensemble  average  for  01 0203  events  detected  using  Negative  Peak  Pressure 


Fig.  9.  Ensemble  average  for  detection  based  on  positive  wall  pressure  events 


3.2.2  Physical  features  of  flow  structures 

Kammeyer  [1]  used  wall  pressure  detection  and  formulated  a  composite 
picture  of  the  observed  flowfield  structure.  He  mapped  the  velocity  field 
obtained  from  the  ensemble-averaged  data  at  each  y  location.  The  data  were 
mapped  spatially  by  the  transformation 

=  -Uiy).t 

Xj,  =  -Uc.t 

where  Uc  is  the  convection  velocity  computed  from  wall  pressure  data 
obtained  from  multiple  streamwise  transducers.  In  this  investigation,  these 
mappings  were  done  for  the  ensemble-averaged  THAT  classification  patterns 
using  both  positive  peak  pressure  detection  {p^  >  2prms)  and  negative  peak 
pressure  detection  (pu,  <  — 2p  rms)* 

Figures  11  a,b,c  show  the  results  for  positive  peak  detection  on  wall  pres¬ 
sure.  Three  different  cases  of  ensemble-averaging  of  the  fiow  structures  are 
shown;  36  patterns  (all  events),  16  patterns  (Groups  I  thru  IV)  and  8  pat¬ 
terns  (Groups  I  and  II).  No  appreciable  differences  were  observed  between  the 
three  cases.  This  supports  the  conjecture  that  the  flow  structure  in  groups 
I  and  II,  representing  the  ejection/  sweep  motions,  dominate  the  organized 
motions.  It  should  also  be  noted  that  since  positive  peaks  in  wail  pressure 
were  exclusively  detected,  then  the  ensemble-average  results  display  structure 
primarily  associated  with  near-wall  ejections. 

Figure  12  displays  the  results  for  negative  peak  detection  on  wall  pressure. 
Again,  three  different  cases  of  ensemble-averages  of  the  flow  structure  are 
shown  with  no  significant  differences  in  the  results.  This  further  supports 
the  dominance  of  flow  structures  in  Groups  I  and  II.  In  this  case,  negative 
peaks  in  pressure  were  detected  and  the  ensemble-averaged  results  reflect  the 
outer-layer  sweep  motion. 

The  conclusions  from  the  results  shown  in  figures  11  and  12  are  that 
the  positive  peak  pressure  events  and  negative  peak  pressure  events  track 
different  aspects  of  the  organized  motion.  These  results,  along  with  previous 
results  shown  in  figures  9  and  10,  show  that  the  positive  peaks  track  the 
accelerated  motion  associated  with  ejection  process;  and  negative  peaks  track 
the  decelerated  motion  associated  with  the  sweep  motion. 
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<(t  U  utau)/nu 

(c)  Quiver  plot  for  unfiltered  data  detected  by  Positive  Peak  Pressure  •  Groups  1  &  2 


‘(I  U  utau)/nu 


Fig.  11.  Quiver  plots  resulting  in  positive  peak  detection 
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(a)  Quiver  plot  for  unfiltered  data  detected  by  Negative  Peak  Pressure  >  36  patterns 


Fig.  12.  Quiver  plots  resulting  in  negative  peak  detection 
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It  is  tempting  to  further  examine  the  four  patterns  exclusively  associated 
with  ejections  and  the  4  patterns  associated  with  sweeps.  Figure  13a  shows 
the  mappings  for  positive  peak  pressure  detection  of  the  four  ejection  patterns 
while  figure  13b  shows  the  mappings  for  negative  peak  pressure  detection  of 
the  four  sweep  patterns.  These  patterns  as  expected,  show  the  ejection  and 
sweep  motion  but  differ  significantly  from  those  in  figures  11  and  12  where 
the  combined  events  in  Groups  I  and  II  were  retained.  Clearly,  the  ejection 
and  sweep  motions  are  not  exclusively  distinct  patterns  within  the  organized 
motions,  but  coupled  to  form  the  spatially  large  organized  structure. 
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Fig.  13.  Quiver  plots  showing  the  patterns  associated  with  ejection  (top)  and  sweep  (bottom). 
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Chapter  4 

Concluding  Remarks  and 
Future  Work 


These  preliminary  results  using  the  TRAT  algorithm  developed  by  Nagano 
et.  al.  [4]  are  encouraging.  They  provided  some  new  insight  regarding  the 
features  of  organized  motions  as  observed  from  their  wall  pressure  footprints. 

The  recognition  of  distinct  near  wall  ejection  and  outer  layer  sweeps  by 
the  positive  and  negative  pressure  footprints  is  noteworthy.  However,  the 
clear  delineation  of  these  structures  requires  some  form  of  filtering  technique 
since  the  time  and  length  scales  of  these  structures  are  quite  different.  In 
previous  work,  Wavelet  filtering  did  isolate  the  near-wall  high  frequency  ejec¬ 
tion  process  but  probably  distorted  the  large  scale  structures  observed  in  the 
log-law  region.  The  results  of  Kammeyer  [1]  based  on  LWPD  cluster  detec¬ 
tion  compared  filtered  and  unfiltered  data  and  showed  some  distinctions  in 
the  flow  field.  The  results  were  inconclusive  on  the  outer  layer  sweep  motion. 

Furthermore,  the  true  nature  of  the  pressure  footprint  contains  both  the 
high  frequency  near  wall  signatures  reflected  in  positive  pressure  peaks,  and 
the  large  scale  sweep  motions  containing  possibly  lower  frequency  signatures 
with  possibly  negative  peaks.  How  these  combine  to  provide  the  total  pres¬ 
sure  signature  is  unresolved. 

These  issues  are  being  addressed  in  the  dissertation  research  of  Russell 
[7].  In  this  research,  an  array  of  pressure  transducers  will  be  used  to  track 
the  organized  structures  to  learn  more  of  their  convective  properties.  In 
addition  various  filtering  techniques  (including  TRAT)  will  be  employed  in 
an  attempt  to  isolated  and  detect  near  wall  active  turbulent  motions  as  well 
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as  address  the  question  of  the  coupling  of  these  structures  to  large  scale  outer 
layer  turbulent  activity.  By  applying  the  bandpass  filtering  techniques  to  the 
data  obtained  from  the  array  of  transducers,  it  is  expected  that  the  ’’total” 
pressure  signature  will  be  more  evident. 
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